Seasonal variations in local catchments and connected rivers lead to complex hydrological behaviours in river-lake systems. Poyang Lake is a seasonally dynamic lake with frequent low levels in spring and autumn, which may be triggered by the local catchment and Yangtze River. Based on two typical years, a hydrodynamic model combined with long term hydrological observations was applied to quantify the spatiotemporal impacts of the local catchment and Yangtze River on spring and autumn low water levels in Poyang Lake. As a first attempt, this study explored the spatial differences of the two influences. Simulation results showed that the contributions of the catchment and the Yangtze River were approximately 70% and 30% in spring 1963, and 5% and 95% in autumn 2006, respectively. The area of catchment influence was mainly distributed in channels and southern floodplains, with relatively uniform water levels. The area impacted by the Yangtze River mainly spanned from the northern portion of the waterway to the central lake, with strong spatial variability.
INTRODUCTION
Many natural lakes receive water inflows from catchments and discharge to large, connected rivers, forming river-lake systems. The volume of a lake is not only controlled by the lake bathymetry but also by the balance between water inputs and outputs, which largely depends on river-lake interactions over diurnal and annual cycles (Peters & Buttle ) . There are a large number of river-lake systems around the world. Extensive floodplain lakes are associated with the Amazon River (South America), and the water in river-lake systems is derived from the rivers, local rainfall and runoff, exchanges with adjacent lakes, and so on (Engle & Melack ; Lesack & Melack ; Bonnet et al. ) . For example, Lake Calado is connected to the Amazon River by a narrow channel, and its depth changes
(1-12 m) are directly linked to the river's hydrograph (Engle & Melack ) . Lake Wakatipu (New Zealand) is such complex river-lake systems, the local catchment and river control the water resource and flood-drought potentials of the lake seasonally or jointly in different seasons, resulting in highly complex lake level fluctuations and flow regimes (Lai et al. ) . Thus, understanding shortages of water resources is a challenge for the populations and ecosystems in these systems (Gemmer et al. ) . It is important to properly understand and quantify the relative contributions of the local catchment and the river to dynamic changes in lake water levels.
Poyang Lake is the largest freshwater lake in China and is located in the middle reaches of the Yangtze River. The Poyang Lake catchment-Poyang Lake-Yangtze River system in China is an ideal example of a highly valued water resource with a particularly complex hydrological regime and topography. This system has experienced floods and droughts at a much higher frequency over the past 50 years as a result of naturally occurring climate variability coinciding with increased human activities Nakayama & Shankman ). As an internationally important wetland and the largest bird conservation area for migratory birds in the world, Poyang Lake has important ecological functions (Hui et al. ) . The lake receives catchment runoff from five tributary rivers and subsequently discharges to the Yangtze River through the Hukou outlet in the north. During the flood season of the local catchment from April to June, Poyang Lake has the largest outflow to the Yangtze River and exerts a strong pressure on it (Guo et al. ) . The Yangtze River affects Poyang Lake in a different manner, including the blocking effect of outflows from the lake to the river and reversing water flow into the lake when the blocking pressure is sufficiently large (Hu et al. ) . The Yangtze River's blocking and/or reverse flow to Poyang Lake is strongest during the peak discharge of the Yangtze River from July to September (Guo et al. ) . These two very different hydrological processes indicate different river-lake interactions in different seasons (Guo et al. ) . Due to their variations and interactions, the water level and surface area vary considerably in their spatial and temporal patterns within and between years.
Annual variations in water level can reach up to 18 m (Li et al. a) . The lake area varies from less than 1,000 km 2 in dry seasons to more than 3,000 km 2 in wet seasons (Feng et al. a; Zhang et al. ) . Spatial-temporal heterogeneity due to river-lake interactions in the system makes understanding the highly dynamic hydrological regime more challenging.
Aiming to gain deeper insight into the complex riverlake system, several studies were performed to investigate the lake water level and surface area influences of the river and lake. During the water level rise period (from April to June), the water level of Poyang Lake is mainly controlled by seasonal variations in catchment inflows (Shankman et al. ; Hu et al. ) . Especially during the occurrence of severe floods, the lake catchment plays a primary role in determining the lake water level, while the Yangtze River plays a complementary role in blocking outflows (Hu et al. ) . However, during the high water level period and recession period, the flow regime changes of the Yangtze River have a strong influence and can change the blocking force of the river on outflows from Poyang Lake (Hu et al. ) . It further affects the lake level, water storage and associated seasonal variations (Guo et al. ) . Liu et al. () found that the lake area not only depended on water inputs from regional precipitation, evapotranspiration and discharge but also on the interactions between the lake and the Yangtze River.
Poyang lake has experienced a new and more severe dry condition since 2000 (Zhang et al. ) . Compared to levels reported in previous decades, the lake water levels dropped to the lowest level from 2001 to 2010 (Zhang et al. ) , and the lake area decreased significantly (Feng et al. a) . The higher frequency of extremely low water levels in recent years has affected not only the agriculture, transportation, and urban water supply but also wetland and aquatic habitats (Liu et al. ) . The reasons for and spatial distribution of low water levels in such a complex riverlake system with seasonal variations in water level must be urgently investigated.
A number of studies of the low water level conducted analyses of climate changes, rainfall runoff, river-lake interactions and human activities. Feng et al. (b) used 12-year multi-source satellite data combined with corresponding hydrological data to evaluate Poyang Lake's inundation area and local precipitation, suggesting that the extremely low water level in spring 2011 was primarily caused by the significantly low local precipitation. Later, Liu et al. () examined the change in the lake size and proposed that the recent lake size decline was principally caused by a weakened blocking effect of the Yangtze River. Lai et al.
(b) investigated channel changes using surveyed and remotely sensed data and found that sand mining increased the discharge ability of Poyang Lake into the Yangtze River, Poyang Lake spans 170 km from north to south and as much as 74 km from east to west (Lai et al. a) . Shaped by a combination of lacustrine and riverine morphological processes, the lake has a complex topography, including narrow channels, internal lakes and large areas of alluvial deltas (Lai et al. a) . The elevation of the lake bottom 1960, 1972, 1978, 1986, and 1992 1960s and 2000s, in 1972, 1979, 1987 and 1999, the mean and the lowest water levels from January to April were all far below the average historic water level. These results showed that spring and autumn low water levels have generally occurred historically in Poyang Lake. For further exploration, Figure 3 shows daily hydro- 
2D hydrodynamic model
Poyang Lake is shallow and wide; therefore, vertical stratification in the water column can be neglected (Li & Yao ) .
Hence, a 2D depth-averaged hydrodynamic model of Poyang Lake was implemented using the MIKE 21 Flow
Model (Li et al. ) . MIKE 21 was developed by the Danish Hydraulic Institute (DHI) to simulate water In this study, further validation of water levels was performed using data from 1963, which was included in the simulation scenarios. Quantification of goodness-of-fit was assessed using statistical values, including the determination coefficient (R 2 ), Nash-Sutcliffe efficiency coefficient (E ns ) and root-mean-square error (RMSE). The R 2 , E ns and RMSE formulas were described by Li et al. (a) . Table 1 shows the results of statistical parameters at the three gau- 
Simulation scenarios
Seven 1-year scenarios based on two typical low water level events were performed to explore the relative changes in water levels (Table 2) 
RESULTS

Characteristics of typical low water levels in 1963 and
2006 Figure 4 shows the water level of Poyang Lake at Xingzi station, the Yangtze River discharge at Hankou station Note that during the high water level period (May to September), the water levels followed a similar trend as they did under the same Yangtze River conditions (Scenarios S1 and S3/S2 and S4) except for differences in peak In the most affected regions, spanning from the lake centre to the Hukou outlet, including the PLNNR and northern NWNNR, the water level decreased by 5-8 m, and the lakeshore area of this region was even exposed (Figure 8, September) . Meanwhile, the water recession process accelerated due to the lower water level. In October, the Yangtze River had almost no influence on the southern and western NWNNR, and its impact shifted to the river channel. It was found that the variations in patterns of high water levels were caused by the Yangtze River, but peak values depended on the catchment inflows. The critical time of water level change from a catchment-dominated to river-controlled system was influenced by the starting Figure 8 | Distributions of monthly mean water level changes for Poyang Lake, the PLNNR and the NWNNR caused by (a)-(d) the lake catchment from January to April, respectively, 1963 (S3 minus S1) and (e)-(h) the Yangtze River from July to October, respectively, 2006 (S7 minus S1) compared with the average condition.
DISCUSSION
times and intervals of peak flow from the Yangtze River and the local catchment. The flood season of the catchment is April-June, and that of the Yangtze River is JulySeptember. In most cases, the Yangtze River effect became relatively strong only when the catchment effect weakened (Hu et al. ) . If the peak flow is particularly rapid or delayed, it can lead to changes in river-lake interactions, replacing the main factor controlling water level.
Ultimately, the occurrence time and magnitude of peak water level will change accordingly. Shankman & Liang () noted that high catchment inflows later than normal during the summer, and therefore concurrent with high Yangtze River discharge, will increase the probability of floods. Therefore, further research should be considered to explore how the catchment and Yangtze River act at high water levels.
Compared with the analysis based on gauging stations of the lake, it better captures the spatial variations of the lake from a hydrodynamic perspective. We found that the temporal variations in water level changes caused by the lake catchment in spring and by the Yangtze River in autumn correspond to the water level rise and recession processes, respectively, with an evident spatial gradient. In other words, the domain controlled by the lake catchment was mainly concentrated in channels initially. Then, it spread due to rising water level. Conversely, the domain controlled by the Yangtze River gradually shrank from the whole lake to the channels and the northern portion of the lake during the recession period. Therefore, the PLNNR and northern NWNNR were mainly controlled by the Yangtze River, and the southern NWNNR was mainly controlled by the catchment. This finding has significant implications for different management strategies in the two nature reserves. Overall, this study highlights the effects of the catchment and Yangtze River on seasonal variations in lake water levels and allows us to understand the potential impacts of climate variability and anthropogenic activities in the Yangtze River and Poyang Lake catchment. Moreover, it suggests that water resource management in such a complex river-lake system should be performed from a system perspective. Finally, this study provides a reference that can be used in similar river-lake systems to quantify the hydrologic drivers and examine river-lake interactions.
